We investigated leaching of dissolved phosphorus (P) from 45 tile-drains representing animal husbandry farms in all regions of Denmark. Leaching of P via tile-drains exhibits a high degree of spatial heterogeneity with a low concentration in the majority of tile-drains and few tile-drains (15% in our investigation) having high to very high concentration of dissolved P. The share of dissolved organic P (DOP) was high (up to 96%). Leaching of DOP has hitherto been a somewhat overlooked P loss pathway in Danish soils and the mechanisms of mobilization and transport of DOP needs more investigation. We found a high correlation between Olsen-P and water extractable P. Water extractable P is regarded as an indicator of risk of loss of dissolved P. Our findings indicate that Olsen-P, which is measured routinely in Danish agricultural soils, may be a useful proxy for the P leaching potential of soils. However, we found no straight-forward correlation between leaching potential of the top soil layer (expressed as either degree of P saturation, Olsen-P or water extractable P) and the measured concentration of dissolved P in the tile-drain. This underlines that not only the source of P but also the P loss pathway must be taken into account when evaluating the risk of P loss.
INTRODUCTION
For decades, phosphorus (P) fertilization of Danish soils has exceeded the removal of P in harvested products resulting in accumulation of P in soils, on average 1,400 kg P ha À1 of agricultural land during the 20th century (Rubaek et al. ) . The accumulation is especially high on livestock farms due to the mismatch between the nitrogen:phosphorus (N:P) ratio in crops (typically 12-13, Güsewell ) compared with the N:P ratio in organic fertilizer (e. g. 4.1 in pig slurry and 6.8 in slurry from dairy cows, Ministry of the Environment and Food ). In Denmark, recommendations for application of organic fertilizers are based on the N content (Ministry of the Environment and Food ) resulting in fertilization with P in excess of crop requirements. Phosphorus loss from agricultural land in flat areas (such as Denmark) is mainly determined by the long-term phosphate accumulation in soils in relation to the phosphate sorption capacity and hydrological conditions (Schoumans & Chardon ) . Therefore, the accumulation of P and the increased saturation of the P sorption complex pose a long-term risk of P losses to surface waters. In spite of this there are only few Danish measurements of P leaching. The literature holds several examples of controlled experiments of leaching of dissolved P from shallow soil monoliths (e.g. McDowell & Sharpley ; Kleinman et al. ) . In contrast, the purpose of our study is to characterize in-situ the concentration of dissolved P in water discharging from agricultural soils via tile-drains and further to evaluate if the observed P concentration can be explained by agronomic soil P status or by P sorption saturation of the topsoil. Our focus is on livestock farms since this is where we expect to find the highest P accumulation and thus the highest risk of P leaching.
MATERIALS AND METHODS
Water was sampled monthly during one year from 45 tiledrains representing livestock farms in all regions of Denmark. The selected farms cover both the east-west gradient in precipitation and the major soil types found in Denmark, Figure 1 . The water samples were filtered (0.45 μm) and dissolved reactive P (DRP) was determined by colorimetric technique (Murphy & Riley ) . Total dissolved P (TDP) was determined with the same technique following acid persulfate digestion in an autoclave (120 W C) (Koroleff ).
Dissolved organic P (DOP) is defined as the difference between TDP and DRP (e.g. Jensen et al. ) . Soils were sampled from four depths (0-25 cm; 25-50 cm; 50-75 cm; 75-100 cm) in the tile-drained areas. Soil texture was determined for all samples and assigned to textural classes corresponding to the Danish soil classification system (Landbrugsministeriet ). Bicarbonate extractable P (Olsen-P) was analyzed according to Banderis et al. () . Oxalate extractable Al, Fe and P were determined by ICP-OES (inductively coupled plasma optical emission spectrometry) after extraction with acid ammonium oxalate (Schwertmann ) and the degree of P saturation (DPS) was calculated as the ratio between the molar concentrations of P and half the sum of Al and Fe in soils (van der Zee et al. ). Water extractable P, P w , was determined according to Sissingh () .
The correlation between respectively DPS and P w and Olsen-P and P w was analyzed by linear regression. All data were transformed by the natural logarithmic function prior to the analysis. This transformation was done to ensure a normal distribution of the residuals, since it was assumed, and subsequently controlled, that raw data were log-normally distributed.
RESULTS AND DISCUSSION

Phosphorus in tile-drain water
The concentration of TDP was below 0.1 mg P l À1 in the majority of the tile-drains, however the median concentration in 15% of the tile-drains ranged from 0.1 mg P l
À1
to 0.4 mg P l À1 (Figure 2 ). Table 1 shows for comparison the concentration of total P (particulate bound P plus dissolved P), including contributions from possible point sources, in Danish stream types. In Danish streams, on average, 40% of total P is in dissolved form. It is therefore evident from Figure 2 (upper panel) that far from all the examined tile-drains will contribute to increased P concentration in the stream they are discharging into. DOP made up 3-96% of TDP and was the dominant P form in 13 out of the 15 tile-drains with the highest TDP. Normally, following Danish monitoring procedures, total P is determined on the unfiltered sample and DRP is determined on the filtered sample without digestion. The difference between total P and DRP is referred to as particulate bound P. This means that any DOP mistakenly is attributed to the particulate bound fraction. Figure 2 illustrates that the DOP contribution can be important and that it varies considerably. The implication of mis-interpreting DOP as particulate bound P is focusing on the wrong transport pathways. DOP is mobilized by mineralization of organic matter and transported by matrix flow or by flow in macro-pores (Gjetterman ). Particulate bound P is mobilized mainly in severe rain events and transported in macropores or on the soil surface by overland flow (Laubel et al. ; McDowell & Wilcock ) . Measures to mitigate diffuse P losses are usually directed at the transport pathways (Poulsen & Rubaek ), hence it is important that focus is on the locally most important P loss pathways.
Phosphorus in soils
An overview of results of the soil analyses is presented in Table 2 . The content of soil P was high (Figure 3) , on average 5,500 kg P ha À1 in the upper 75 cm. Assuming that the P content in 75-100 cm represents the natural P content, this corresponds to an accumulation of 1,700 kg P ha À1 in the top 75 cm. This is considerably higher than the average accumulation of 1,400 kg P ha À1 found by Rubaek et al.
(). This was to be expected, however, since the study by Rubaek et al. () included all farm types whereas our study focused on livestock farms. The DPS was high (>25%) in the top layer (0-25 cm) of 84% of the tile-drained areas ( Figure 4 and Table 2 ). Breeuwsma & Silva () suggested that a P saturation index of 25% would be the environmental critical level. This level corresponds to approximately 0.100 mg P l À1 . A high DPS was also found in the 25-50 cm soil layer in 58% of the areas indicating downwards P transport.
Correlation between soil phosphorus and leaching of phosphorus Significant correlations (P < 0.0001) between DPS and water extractable P (P w ) were found ( Figure 5 ). Similar strong correlations were found between Olsen-P and P w ( Figure 6 ). Water extractable P is regarded as an indicator for risk of loss of dissolved P (e.g. Kleinman et al. ).Our results indicate that both the DPS and Olsen-P may be useful proxies for the P leaching potential of soils. However, the relationships for the deepest soil layer (75-100 cm) are very different from the layers above indicating that the assumed native P dominating this depth is less labile than P in the upper soil layers which to a large extent has been supplied by agriculture.
Several studies have shown a fairly consistent pattern for drainage water whereby losses of dissolved P increase significantly as the soil test P values increase beyond agronomical optimum ranges (e.g. Heckrath et al. ; McDowell & Sharpley ) or with increasing P sorption saturation (Kleinman et al. ) . We found, however, only a weak correlation (P ¼ 0.03, R 2 ¼ 0.17) between the DPS of the top soil layer and the measured concentration of DRP in a Degree of P saturation (DPS) was calculated as the ratio between the molar concentrations of P and half the sum of Al and Fe in soils (van der Zee et al. 1990) tile-drains (Figure 7 ). Including the P sorption saturation of the entire soil profile (0-100 cm) worsened the correlation. Also no correlation was found when we analyzed the relationship between DRP and the P sorption saturation of the soil layer just above the tile drains (75-100 cm). A similar lack of correlation was found when we substituted the P sorption saturation in the statistical analyses with either Olsen-P or P w . As expected we found no correlation with the concentration of DOP since this is governed by mineralization of organic matter. We speculate that leaching through the soil matrix is the dominant pathway for transport of DRP in these soils and that this transport form allows for sorption of DRP to free P binding sites in the sub-soils above tile-drain depth. This view is supported by the observed increase in P not only in the top soil (0-25 cm) where P is applied and mixed-in by cultivation but also in the layer below (25-50 cm; Figure 4 ), indicating leaching of P from the top layer and subsequent sorption in the layer below the top layer. Macro-pores are known to be able to preferentially transport P from the soil surface to tile-drains surpassing free P binding sites in the subsoil (e.g. Djodjic ; Geohring et al. ). The relatively few observations of high DRP concentration in tile-drains in this study may be attributed to preferential transport through macro-pores. However, the soil analyses needed to confirm the existence of active macro-pores was beyond the scope of this study.
CONCLUSIONS
The high correlation between Olsen-P and P w indicate that Olsen-P, which is measured routinely in Danish agricultural soils, may be a useful proxy for the P leaching potential of soils. However, we found no straight-forward correlation between leaching potential of the top soil layer (expressed as either DPS, Olsen-P or P w ) and the measured concentration of dissolved P in the tile-drain. This underlines that not only the source of P but also the P loss pathway must be taken into account when evaluating the risk of P loss. Leaching of P via tile-drains exhibits a high degree of spatial heterogeneity with a low TDP concentration in the majority of tile-drains and few tile-drains (15% in our investigation) having high to very high concentration of TDP. In Figure 5 | Correlation between water extractable P (Pw) and DPS for three depth intervals. The correlation coefficient, R 2 , is stated for each depth interval. Statistical analyses were performed on log-log transformed data. A P w -value between 2.5 and 7.5 mg P kg À1 soil is equivalent to a soil water concentration of 0.1-0.15 mg P l
À1
. Figure 6 | Correlation between water extractable P (P w ) and Olsen-P for three depth intervals. The correlation coefficient, R 2 , is stated for each depth interval.
Statistical analyses were performed on log-log transformed data. A Pw-value between 2.5 and 7.5 mg P kg À1 soil is equivalent to a soil water concentration of 0.1-0.15 mg P l À1 . An Olsen-P value between 2 and 4 is recommended for plant production. order to mitigate diffuse P losses to the aquatic environment at the least cost it is important to identify these high-yielding tile-drains. Important steps will be to map transport pathways for P loss: preferential transport of P through macropores by identifying and mapping macro-pores (Iversen et al. ) , and leaching of P through the soil matrix by a combination of the leaching potential of P (DPS, Olsen-P or P w ) and P sorption characteristics. The share of DOP was high. Leaching of DOP has hitherto been a somewhat overlooked P loss pathway in Danish soils and the mechanisms of mobilization and transport of DOP needs more investigation.
